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Despite tremendous progress in the study of voltage-
gated channels, the molecular mechanism underlying
voltage sensing has remained a matter of debate. We
review five new studies that make major progress in
the field. The studies employ a battery of distinct ap-
proaches that have the common aim of measuring
the motion of the voltage sensor. We interpret the re-
sults in light of the recent crystal structure of themam-
malian potassium channel Kv1.2. We focus on the
transmembrane movement of the voltage sensor as
a key element to the detection of membrane potential
and to the control of channel gating.
The fastest, most reliable, and farthest travelling signals
in the nervous system are action potentials. They are
generated by voltage-gated cation channels and de-
pend critically on the ability of these channels to detect
changes in membrane potential rapidly. While the iden-
tity of the voltage sensor and the gate have been known
for several years, debate has persisted about how the
two are coupled. Central to understanding the voltage
control of gating is the effort to elucidate the protein mo-
tion of voltage sensing. A barrage of new papers now
brings us closer than we have ever been to solving this
problem.
The best understood members of the superfamily of
voltage-gated cation channels are those selective for
potassium (Kv channels). These channels are composed
of four subunits, each made of six transmembrane seg-
ments, named S1 through S6 (Figure 1A). A central pore
domain, which contains the channel’s gates (segments
S5 and S6 from the four subunits; Figures 1A–1D,
blue), is surrounded and controlled by four voltage-
sensing domains (VSDs) (segments S1 through S4;
Figures 1A–1D, red). An intracellular N-terminal tetra-
merization domain (T1; Figures 1A–1D, green) promotes
subtype-selective assembly and serves as a platform to
dock a tetrameric accessory b subunit (Kvb). The Mack-
innon lab has recently solved the X-ray crystal structure
of the rat Kv1.2 channel in complex with Kvb2 (Figures
1C and 1D) (Long et al., 2005a), a tremendous step
*Correspondence: ehud@berkeley.eduforward in the field. Unlike the earlier structure of the
bacterial KvAP channel (Jiang et al., 2003a), whose
VSDs were caught in a non-native conformation, the
structure of Kv1.2 agrees with probing analysis on func-
tioning channels and so seems likely to represent a
native conformation. The transmembrane position of
S4, with its two N-terminal arginines, R1 and R2, ex-
posed on the extracellular side of the protein, corre-
sponds to what is known about the activated state
(Gandhi and Isacoff, 2002), and the posture of S6, which
points in a direction that opens the access to the selec-
tivity filter from the cytoplasmic side of the protein,
corresponds to what is known about the open state
(Swartz, 2004). Thus, the structure likely represents an
activated and open conformation of the channel.
Although the structure of Kv1.2 gives a view of only
one conformation, it provides a wonderful platform for
interpreting five more recent studies on the Drosophila
Kv1 channel Shaker, the rat Kv2.1 channel, and the bac-
terial KvAP channel, all of which are expected to closely
resemble Kv1.2. These studies (Ahern and Horn, 2005;
Chanda et al., 2005; Phillips et al., 2005; Posson et al.,
2005; Ruta et al., 2005) all probe the rearrangements of
functioning channels in cell membranes. In this review,
we will first discuss the structure of the Kv1.2 voltage-
sensing domain and then compare the results of the
five functional studies and attempt to reconcile them
with each other, with the structure, and with earlier
experiments.
VSD Organization and Interaction
with the Pore Domain
In Kv1.2, the four VSDs are located at the corners of the
square-shaped pore domain (Figure 1C). A large portion
of their perimeter faces what would be lipid in the cell
membrane, with only a small portion of each VSD con-
tacting the pore domain. As a result, the pore domain it-
self has considerable exposure to lipid. This comes as
a surprise because recent electron-microscopic analy-
sis of the bacterial voltage-gated potassium channel
KvAP (Jiang et al., 2004) suggested that the VSDs
wrap around most of the pore domain perimeter.
One of the most fascinating aspects of the Kv1.2
structure is that the VSD does not contact the pore-form-
ing helices of the same subunit (Figure 1E) but instead
contacts those of the neighboring subunit (Figure 1F),
as first deduced by Papazian and colleagues from
cross-linking experiments (Laine et al., 2003). The S4-
S5 linker (Figures 1C and 1D, purple helices) of one sub-
unit runs underneath the neighboring subunit to connect
S1 through S4 of the VSD to S5-S6. This organization of
the VSDs around the pore domain is consistent with
a previous thryptophan-scanning mutagenesis study
carried out on the pore domain of Shaker by Swartz
and colleagues (Li-Smerin et al., 2000) and provides
a simple explanation for how intersubunit interactions
between voltage-sensing helices and pore-forming heli-
ces may occur (Figure 1F, black arrows). Such interac-
tions are believed to play an important role in determin-
ing the cooperativity of the voltage-sensor movement
during channel opening (Pathak et al., 2005).
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720Figure 1. The Architecture of Voltage-Gated
Potassium Channels
Color scheme for (A)–(D): VSD, red; S4-S5
linker, purple; pore domain, blue; T1 domain,
green; T1-S1 linker, pale green; potassium
ions, yellow. (A) Membrane topology of a
single subunit. (B) Schematic diagram of the
channel structure. Arrows represent the path
of K+ ions through the channel. (C and D)
Top (C) and side (D) views of the x-ray crystal
structure for Kv1.2 (Protein Data Bank entry
2A79, Long et al., 2005a). The Kvb2 subunits
cocrystallized with the channel are not
shown. (E and F) The VSD and pore domains
of each subunit were previously thought to lie
next to each other (E), but the Kv1.2 structure
shows that the VSD of one subunit lies
against the pore domain of its neighboring
subunit (F). S4-S5 linkers are shown as dotted
lines. Each color represents a different sub-
unit, and arrows represent possible sites
of interactions between subunits. All the mo-
lecular drawings have been created using
Swiss-Pdb viewer (http://www.expasy.org/
spdbv/).The interaction surface between each VSD and the
pore domain of Kv1.2 is small. This led MacKinnon and
colleagues to suggest that the VSD of voltage-gated
channels could function as an independent domain,
which may be transplanted onto other proteins to confer
voltage sensitivity (Long et al., 2005b; Lu et al., 2002).
This is an exciting idea, particularly in view of the recent
discovery of a voltage-dependent phosphatase that has
an intracellular enzymatic domain connected to a VSD
homolog (Murata et al., 2005). However, other evidence
suggests that in voltage-gated channels VSD-pore do-
main interactions are tight and functionally important.
Mutations in the Shaker channel that map to the surface
of S4 facing S5 in the activated state of Kv1.2 have an
enormous impact on the final steps of voltage sensing
and channel opening, suggesting significant interaction
in the activated state (Ledwell and Aldrich, 1999; Pathak
et al., 2005). Moreover, a recent study on the hyperpolar-
ization-activated KAT potassium channel, whose VSD is
homologous to that of depolarization-activated Kv
channels, suggests that at negative voltage the volt-
age-sensing helix S4 is closely packed to helix S5 of
the pore domain (Lai et al., 2005).Voltage-Sensing Motion
For the VSD to sense voltage it must contain charges
within the span of the membrane that can move inward
and outward in response to changes in the electric field.
Much evidence supports the idea that these gating
charges are mostly or entirely positively charged resi-
dues located at every third position in the S4 helix. Func-
tional and structural studies (Aggarwal and MacKinnon,
1996; Seoh et al., 1996; Jiang et al., 2003b) suggested
that the first four arginines of S4 (R1 through R4) are
the most relevant for voltage sensing.
How does the VSD respond to changes in membrane
voltage? The molecular motions underlying voltage
sensing have been a matter of intense investigation,
with a focus on the transmembrane movement of S4.
This helix changes solution exposure on the two sides
of the membrane by enough to transport the arginines
across the membrane electric field, and this motion
has the voltage dependence and kinetics of the gating
current (Gandhi and Isacoff, 2002). Two competing volt-
age-sensing models were considered in the new stud-
ies. In one, S4 undergoes a major transmembrane mo-
tion (Figure 2A), while in the other, S4 moves in a small
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field that is shaped by aqueous crevices within the chan-
nel protein (Figure 2B). We describe the new evidence for
large and small motions and attempt to reconcile them.
Biotin-Avidin Accessibility Analysis
The structural studies of KvAP showed that helices S3
and S4 form a helical hairpin in both the full-length chan-
nel and in the isolated VSD, even though other parts of
the VSD (S1 and S2) differed considerably (Jiang et al.,
2003a). This suggested that the S3/S4 hairpin is a stable
structure. Functional analysis supported this idea. KvAP
channels with biotin on a 10 A˚ linker attached to single
introduced cysteines in S3b and S4 were found to be in-
hibited by avidin from the external side of a lipid bilayer,
and at two of the S4 sites the biotin was also accessible
to the avidin from the inside (Jiang et al., 2003b). Since
avidin is too big to fit into small crevices within the chan-
nel protein and is too charged to dip into the membrane,
this implied a large (w20 A˚) transmembrane motion of
S4 (Figure 3A). Biotin on the outer end of S3b was found
to disappear from external access at negative voltage,
suggesting that S4 motion is accompanied by a motion
of S3b. This engendered the ‘‘paddle model,’’ in which
S3b and S4 were proposed to move as a unit.
Other experiments on the S4 of the hNaV1.4 sodium
channel and the Shaker potassium channel (Gandhi
and Isacoff, 2002) and on S3 of Shaker (Gandhi et al.,
2003; Gonzalez et al., 2005) used conjugation to cyste-
ine-reactive probes to assess internal and external solu-
tion access. Small charged probes that could fit in nar-
row water-filled crevices were used, making it possible
to determine the likely limits of the electric field. These
studies showed that, at negative voltage, ten amino
acids in a row (w13 A˚) disappeared from external expo-
sure at the N-terminal end of S4, while a similar number
at S4’s C-terminal end appeared on the inside. The ob-
servations suggested an w13 A˚ axial displacement of
S4 relative to the surrounding protein. The motion
moves R1 and R4 about half way through the electric
field and R2 and R3 the entire way across, roughly ac-
counting for the three equivalent charges per subunit
of gating charge (Figure 3B). The displacement needs
Figure 2. Cartoon Representation of Two Classes of Models for
S4 Movement
S4 is represented as a cylinder in its activated (white) and the resting
state (gray). "z" depicts the vertical component of S4 motion, and
shades of gray represent the drop in electric potential in the mem-
brane. A drop in membrane potential across a shorter distance re-
sults in a more intense local electric field (E). Class one models (A) in-
volve a large motion of S4 across the nonfocused membrane electric
field, and class two models (B) involve a small S4 motion across an
electric field focused by protein crevices. In this class of models,
the shape and the depth of the crevices changes with voltage (not
shown). Position of R1 on the S4 helix is shown for reference (blue
sphere).to be through the protein and across the electric field,
but not necessarily in the z axis of the membrane (per-
pendicular to the membrane plane). Moreover, it can
be achieved either by a motion of S4 or of the protein
around S4, opening crevices on the inside and closing
them on the outside at negative voltage. Thus, these ex-
periments suggested an upper limit to the z axis motion.
In contrast to S4, S3 residues were found to not change
exposure to cysteine-reactive probes in Shaker, indicat-
ing that S3 does not undergo a similar motion to S4. It re-
mains possible that S3 undergoes another kind of mo-
tion that does not involve change in accessibility with
voltage.
In a new study, MacKinnon and colleagues have ex-
tended the biotin-avidin experiments in KvAP to other
parts of the channel, and to biotin with both longer and
shorter linkers (Ruta et al., 2005). Experiments in the
pore domain demonstrate that biotin molecules on
linker lengths of 1, 10, and 17 A˚ (plus 7 A˚ required for
the biotin to access avidin’s binding site) are able to
reach avidin located in either the internal or the external
solution. This is consistent with the biotin extending on
its linker from its attachment position straight into the
solution on the nearest side of the membrane. In the
pore domain, even the longest linker could only reach
avidin on only one side of the membrane. In stark con-
trast to this, biotin attached to anywhere on S4 via the
17 A˚ linker reached avidin on both sides of the mem-
brane. This implies that S4 moves through the mem-
brane by about half of the thickness of the bilayer.
MacKinnon and colleagues estimate this z axis move-
ment of S4 to be 15–20 A˚. Unlike S4, biotin on S3b never
reaches the internal avidin, so the evidence for the trans-
membrane motion of S3b relies on the earlier study
(Jiang et al., 2003b) in which biotin on a 10 A˚ linker at
one site in S3b lost external accessibility at negative
voltage. This disagrees with cysteine accessibility anal-
ysis from multiple positions in Shaker and leads to two
possible conclusions. First, S3 may be more tightly as-
sociated with S4 in KvAP than in Shaker. Indeed, S3 dif-
fers between the channels. In KvAP, S3 is split into S3a
and S3b, but in Kv1.2, it is bent but not split and oriented
differently (Long et al., 2005b). Moreover, the S3-S4
linker is so short in KvAP (just long enough to make
the turn) that it is not possible to move S4 without also
moving S3, while in eukaryotic Kv1 channels, including
Kv1.2 and Shaker, the S3-S4 linker is long enough to
permit separate motion and is even tolerant of deletion
(Gonzalez et al., 2005; Mathur et al., 1997). Alternatively,
it is possible that in all of the channels S3 turns or tilts at
negative voltage in a way that does not affect accessibil-
ity to small cysteine-reactive agents but pulls the biotin
out of the reach of external avidin.
Hanatoxin Accessibility Analysis
An alternative method for assessing the accessibility of
S3 and S4 was used by Swartz and colleagues (Phillips
et al., 2005). They estimated the transmembrane move-
ment of the Kv2.1 voltage sensor by using the peptide
toxin hanatoxin, which binds to the outer ends of S3
and S4. Half of hanatoxin is hydrophobic, and binding
to the channel depends on its prior partitioning into
membrane. The toxin has a higher affinity for the resting
conformation of the voltage sensor (S4 ‘‘down’’) than for
the activated conformation. Once it is bound it stabilizes
Neuron
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(A) Tethered biotin accessibility (Jiang et al., 2003b; Ruta et al., 2005). Biotin (green) with linkers of varying lengths (black) was attached to a cys-
teine (yellow) introduced on the KvAP channel. Access of the biotin to avidin (purple packman) was assayed from the internal and external side.
(B) MTS accessibility of introduced cysteines to the internal and external side of the membrane (Baker et al., 1998; Gandhi et al., 2003; Gonzalez
et al., 2005). Gray regions are inaccessible to MTS reagents, and yellow regions are accessible. The transmembrane movement of S4, combined
with changes in the depth of the VSD vestibules, produces the change in accessibility of S4 during channel activation and deactivation. (C) (Left
and middle) Hanatoxin (green blob) binds the voltage-sensor paddle (red) and moves with it during activation and deactivation (Phillips et al.,
2005). (Right) Quenching of hanatoxin tryptophan fluorescence by bromine (red) attached to a lipid hydrocarbon tail (black). (D) FRET between
a fluorophore (magenta) on S4 and a quencher (DPA, blue) in the lipid membrane (Chanda et al., 2005). (E) LRET between a luminescent probe
(blue) attached to the channel and a fluorophore (green sphere) on a pore-blocking toxin (orange blob) (Posson et al., 2005). (F) Restoration of
gating charge by positively charged MTS derivatives of different linker lengths (Ahern and Horn, 2005).the resting conformation, and during activation it closely
follows the voltage sensor in its transmembrane move-
ment (Phillips et al., 2005). Swartz and colleagues asked
how deep hanatoxin plunges into the lipid in order to
grab S3/S4 when the channel is in the resting state.
Hanatoxin has a tryptophan residue in the middle of its
hydrophobic face, where it is expected to dip most
deeply into the lipid. The depth of that tryptophan in
the membrane was estimated in liposomes from fluores-
cence quenching by bromine atoms covalently attached
to different positions in the hydrocarbon tails of the lipid.
The most effective quenching was found with bromine
located w8.5 A˚ ‘‘above’’ the center of the bilayer. This
suggests that only the hydrophobic end of the toxin pen-
etrates the membrane and that, at rest, the hanatoxin
binding site isw8 A˚ from the outer surface of the mem-
brane (Figure 3C), meaning that S4 moves inward by
w8 A˚ at negative voltage.
FRET Analysis
Two of the new studies addressed the question of S4
motion by using fluorescence resonance energy transfer
(FRET). Distance was estimated between a donor fluoro-
phore attached to a cysteine in S4 and an acceptor fluo-
rophore at a known reference position: in one case onthe ‘‘back end’’ of a peptide toxin that blocks the outer
mouth of the pore, and in the other case in the lipid, shut-
tling between the polar headgroups of the inner and
outer leaflets.
Bezanilla and colleagues (Chanda et al., 2005) used
the acceptor dipicrylamine (DPA), a hydrophobic or-
ganic anion that partitions into the lipid membrane
(Figure 3D). DPA is not fluorescent, but it can accept en-
ergy from the S4-attached donor and quench its fluores-
cence. DPA is negatively charged; it concentrates on the
positively charged face of the polarized membrane at
the aqueous-lipid interface and redistributes within the
electric field inw1 ms, moving in the opposite direction
to the positive S4. At negative voltage, DPA will be
mainly in the outer leaflet. Upon depolarization, the
DPA will move inward, and S4 will move outward in
a few milliseconds, a little more slowly. If the donor is
on S4, in the span of the inner leaflet, then the inward
movement of DPA will initially quench the donor when
it gets closer to it and then dequench when S4 moves
outward. However, at two sites on S4, the donor was
found to quench but not to dequench. This led to the
conclusion that the outward motion of S4 must be small.
How small it is difficult to say and should depend on the
Minireview
723starting position of the donor, which is not precisely
known.
Selvin and colleagues (Posson et al., 2005) employed
a variant on FRET, luminescence resonance energy
transfer (LRET), also to measure transmembrane move-
ment of the Shaker S3 and S4. The acceptor was a fluo-
rophore conjugated to the back end of a pore-blocking
peptide toxin that sits at a known location in the center
of the pore domain, and the donor was a luminescent
terbium-chelate probe covalently bound to different
positions of the channel (Figure 3E). Donor-acceptor
distances were estimated for the resting and activated
conformation of the channel, and sites on S3 were found
to get further from the toxin by w1 A˚ in the activated
state, while sites on S4 got closer by w1 A˚. By using a
structural model of the toxin docked to the Shaker
pore domain (Eriksson and Roux, 2002), Selvin and col-
leagues calculated that the w1 A˚ point-to-point dis-
tance change would occur if S4 made a pure vertical
motion ofw2 A˚.
It seems reasonable that a large transmembrane mo-
tion ofw20 A˚ could move sufficient gating charge to ac-
count for voltage sensing, but could a motion that is ten
times smaller achieve the same effect? Chanda et al.
(2005) present a structural model in which even a trans-
membrane motion of 2 A˚ is sufficient to account for gat-
ing charge displacement. In this model, the electric field
is focused across a small region in the outer half of the
membrane by large water-filled crevices in the protein
(see also Grabe et al., 2004), S3 and S4 have a large
change in tilt, and the S4 arginines, which face protein,
reorient their pointing direction during activation. While
the model differs from the Kv1.2 crystal structure, it
is likely that this combination of protein motions (tilt,
change in internal and external large crevices, and reor-
ientation of arginines) may work in that context too. The
notion that the electric field is focused by crevices in
the VSD agrees with the accessibility studies, which
showed that onlyw10 amino acids of S4 (w13 A˚ of, a he-
lix) are hidden between internal and external exposure,
and with observations that replacement of certain S4 ar-
ginines with uncharged smaller residues makes the volt-
age-sensing domains permeable to protons (Starace
and Bezanilla, 2004) or metal ions (Sokolov et al., 2005;
Tombola et al., 2005).
Electric Field Focused across S4
In their new study, Ahern and Horn set out to measure
the distance over which the electric field drops over S4
with a new approach that amounts to a molecular tape
measure (Ahern and Horn, 2005). The study rests on
the observation that gating charge lost due to neutrali-
zation of R1 when it is mutated to cysteine (R1C) can
be restored by conjugation of a cysteine-reactive, posi-
tively charged methanethiosulfonate (MTS) reagent.
MTS reagents with different linker lengths were used
to place the positively charged group progressively far-
ther from the S4 backbone (Figure 3F). They recorded
gating currents, the transient currents due to the move-
ment of S4 arginines, before and after attachment of the
MTS reagent to determine the amount of gating charge
restored. They reasoned that the charged moiety bound
by a short linker should be shuttled across the electric
field along with S4, but that a longer linker will allow
the charged moiety to remain in the extracellular com-partment even with S4 in the resting state, thus resulting
in no alteration of gating charge of the mutant channel.
Linkers of intermediate length were expected to restore
intermediate amounts of charge. This kind of relation
was exactly what they found as they tested the behavior
of six different linker lengths. The amount of restored
gating charge was a sigmoidal function of the linker
length, with most of the difference between linkers
with three and six methylene groups, corresponding to
a length difference of w4 A˚, and suggesting that at
rest R1 is situated at a depth ofw4 A˚ from bulk external
water. These findings imply that, no matter how the volt-
age sensor moves within the membrane during activa-
tion, it must fulfill the condition of moving R1 across
the focused electric field in 4 A˚.
Ahern and Horn estimated that R1 crosses the entire
electric field, and thus that the entire electric field is fo-
cused overw4 A˚,w12% of the width of the hydrophobic
core of the membrane. Earlier estimates of the charge
carried by R1 ranged from 0.5 to 1.0 (Aggarwal and
MacKinnon, 1996; Seoh et al., 1996), and accessibility
analysis suggested that R1 moves about halfway
through the narrowest part of its pathway where the
electric potential should drop most steeply (Gandhi
and Isacoff, 2002). Thus, a higher-end estimate of the
motion of a charge completely through the electric field
would at most reachw8 A˚, still a very focused field.
Converging on a Model
At first blush, the five functional studies discussed here
appear to lead to very different conclusions about S4
motion. The interpretations of the results vary from
a transmembrane motion of w15–20 A˚ (Ruta et al.,
2005), to an upper limit of w8 A˚ into the membrane
at rest (Phillips et al., 2005), to a lower estimate of w4
(or 8) A˚ across the electric field (Ahern and Horn, 2005),
to a z axis motion by ‘‘a small amount’’ (Chanda et al.,
2005) or by w2 A˚ (Posson et al., 2005). While all of the
interpretations cannot be accommodated into a single
model, the measurements can be accounted for in two
ways.
In Figure 4A, we show the deduced membrane posi-
tion of KvAP’s S3b and S4 in both activated and resting
states from the avidin accessibility study. The hanatoxin
experiments indicate that it dips down about halfway
through the outer leaflet of the membrane. This places
the deep end of the toxin within reach of its binding
site on the resting S3, as shown in Figure 4B. S4 is a little
further away, but this may not be a problem because the
Kv2.1 S4 is longer than the S4 of KvAP that is depicted in
the figure. In addition, the interactions between hana-
toxin and S4 are probably electrostatic, because only
mutations at charged positions affect toxin binding
(Swartz and MacKinnon, 1997) and so can occur over
relatively long distance. Figure 4B also shows that the
resting conformation deduced for KvAP is compatible
with the depth measurements of the electric field at
R1. We show a charge tethered to R1C on the short
linker that restores full charge (black) and on the long
linker that does not restore any charge (blue). For the
longer linker to place the charge outside the electric
field, it must project into bulk water. This may indicate
the depth of the water filled external vestibule to the
arginine permeation pathway (Sokolov et al., 2005; Star-
ace and Bezanilla, 2004; Tombola et al., 2005). If R1
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it would sit at the inner edge of the septum separating in-
ternal and external vestibules (Figure 4B, dotted black
line). If, on the other hand, R1 crossed only half of the
electric field then, in the resting state, it would sit in
the middle of the septum, halfway between the internal
and external vestibules.
So, the results from MacKinnon and colleagues on
KvAP can be reconciled with the results from Swartz
and colleagues on Kv2.1 and from Ahern and Horn on
Shaker to lead to a model of voltage sensing that in-
volves a relatively large transmembrane motion of the
voltage sensor. On the other hand, the hanatoxin maxi-
mal limit ofw8 A˚ motion into the membrane is also com-
patible with the small motions deduced from FRET, and
these are compatible with thew4 A˚ lower limit estimate
for distance travelled by R1, because that motion could
go from internal to external water-filled crevices mainly
by moving in the plane of the membrane, with only
a small component in the z axis. What appears to not
be reconcilable is the 15–20 A˚ motion measured in the
tethered-biotin accessibility study on KvAP and the
small (w2 A˚) motion measured in the FRET studies on
Shaker. So we are left with two possible scenarios:
(1) The actual transmembrane movement of S4 in
Shaker may be larger than what is estimated by
the FRET measurements. The FRET estimates
of small movements between S4 and lipid or S4
and pore-blocking toxin will be sensitive not
only to z axis motion, but also to motion in the
plane of the membrane. S4 motion along a lateral
Figure 4. How Far Will You Go to Sense Voltage?
(A) Model for voltage-sensor movement proposed by Ruta et al.
(2005). The black lines show the limit of the hydrophobic core of
the membrane. (B) A synthesis of part of the studies covered in
this review. The white cavities in the grey background represent
water-filled vestibules in the VSD that focalize the electric field on
S4. The two vestibules are separated by a short region referred to
as septum in the text (see text for details). (C) A model for coupling
voltage-sensor movement to the S6 gate similar to the model pro-
posed in Long et al. (2005b). The activated conformation (left) is
based on the observed crystal structure of Kv1.2. For the resting-
state conformation (right), the positions of S5 and S6 were altered
to be similar to those the two segments have in the KcsA channel.
The N-terminus of S4-S5 linker was moved downward by w10 A˚
as proposed by Long et al. (2005b), which requires a similar magni-
tude of movement at the C-terminus of S4 (green arrow).vector could increase the distance from toxin or
quencher in the bilayer at the same time as the
vertical motion decreases the distance, thus
leading to an underestimate of the vertical mo-
tion. The use of long linkers to connect the fluoro-
phore to the protein also adds to the complexity
of extracting the vertical component of the volt-
age-sensor motion from the movement of the flu-
orophore. The crystal structure of Kv1.2 illus-
trates an additional factor that complicates the
lipid quencher analysis, which was not known at
the time of the experiments. The VSD is sur-
rounded by lipid on three nonequivalent sides
(Figure 1C), providing multiple routes for the
DPA quencher to approach S4. Consequently,
motions of the VSD that change lipid access
could also contribute to the fluorescence mea-
surements. Indeed, a substantial fluorescence
change was observed that was attributed to
slow inactivation, occurring long after both S4
and DPA should have settled into their voltage-
dependent locations. So the FRET measure-
ments may be more informative about distance
changes between S4 and bulk lipid and between
S4 and the pore domain. They could thus provide
important constraints for next-generation models
that will attempt to account for motions of the en-
tire VSD in three dimensions and in relation to the
gates in the pore domain.
(2) The bacterial KvAP and eukaryotic Kv channels
may have different extents of S4 motion. As men-
tioned above, KvAP differs from Kv1 and Kv2
channels in the association of S3 with S4. The
character of S4 motion could also differ, given
the absence in KvAP of the fifth S4 positively
charged residue and a frame shift of the sixth pos-
itive charge (Cohen et al., 2003). Moreover, while
in KvAP, the S6 gate opens at the level of a glycine
very conserved among potassium channels, in
Kv1.2, in Shaker and likely Kv2, the S6 gate opens
at the level of a PXP motif that is absent in prokary-
otic channels (Long et al., 2005b; Webster et al.,
2004). The exact position of the S6 gate hinge
can have important consequences for the posi-
tion of the S4-S5 linker, and this in turn can affect
the extent of the motion of the voltage sensor.
Coupling Voltage Sensing to Gating
One of the most compelling findings to emerge from the
crystal structure of Kv1.2 is the observation that the S4-
S5 linker helices form a ring-like structure around the
bundle of S6 helices, in the region where they swing
open the potassium permeation pathway at the level of
the PVP motif (Long et al., 2005b). Long and colleagues
proposed that inward motion of S4s at negative voltage
pushes the S4-S5 linker toward the intracellular space,
pivoting on the connections with the S5 helices and
squeezing the S6s together to shut the gate (Figure 4C).
This kind of motion calls for the C terminus of S4 and N
terminus of S4-S5 linker to move inward (‘‘down’’) by
w10 A˚ (Figure 4C). This appealing model is compatible
with the estimation from earlier MTS accessibility analy-
sis of an S4 translation ofw13 A˚ and with the integrated
model of S4 motion shown in Figure 4.
Minireview
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The new studies make significant progress toward de-
fining the motion of S4 across the membrane. They
lead us to two possible scenarios, one in which all volt-
age-gated channels have a large vertical S4 motion,
likely accompanied by significant lateral motion, and
the other in which there is a diversity of voltage-sensing
motion that depends on variations in the fine structure of
S3 and S4. It should be possible, with further experimen-
tation, to distinguish between these possibilities. In ad-
dition, the new crystal structure of Kv1.2 caught in the
activated and open state provides an attractive model
for how voltage-sensor motion can be mechanically
coupled to the channel’s S6 gate. It will be important
now to crack the mystery of the resting conformation
and to define the protein motions that open and close
the other gate: the slow inactivation gate in the selectiv-
ity filter. We can say that in 2005 we have gotten signif-
icantly closer to the goal of a three-dimensional movie of
signal transduction and gating in one of nature’s most
beautiful machines.
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